INTRODUCTION
h e dating of bone and ivory objects is fundamental to their authentication, to the development of archaeological and historical typographies, and to the detection of the trafi cking of CITES protected materials. h e age of the raw materials of these objects, although not necessarily the date at which they were worked, can be gained through AMS 14 C dating. However, this technique requires a sample to be removed from the object; the sample size being determined by the level of survival of the collagen component of these organic/mineral composite materials. In many cases, destructive sampling on the scale required is incompatible with the requirements of the preservation and curation of the
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ArcheoSciences, revue d 'archéométrie, 35, 2011, p. 159-165 object. h e development of a minimally-destructive dating technique has therefore been sought with some urgency. Banerjee et al. (2008) , in investigating the relative state of the organic and inorganic components of permafrost-preserved mammoth ivory, demonstrated measurable dif erences in the crystalline state of the material in three dif erent commercial qualities (i.e. unweathered to extremely weathered) used by modern ivory carvers. XRD, Rietveld method, and FTIR spectroscopy both detected an increase in the size, particularly the length, of the bioapatite (carbonated hydroxyapatite) crystals with increased weathering. In addition, FTIR spectroscopy detected degradation of the collagen component and changes in chemical composition of the bioapatite in direct correlation with the increase in size of the crystallite. Assuming that the least weathered samples were the youngest and that weathering increased with increasing age, this led Banerjee et al. to conclude that the changes observed in the spectra could be used to assess the relative date of the mammoth ivories. As a direct result of that publication, the possibility that FTIR spectroscopy could be used to date ivories quickly gained currency in the museum world, as it seemed to of er a less destructive alternative to radiocarbon dating.
Directly correlating changes in the organic and inorganic components of osseous materials with age is a simplistic approach that does not take into account the potential ef ect of the burial environment. A dating technique based on preservation parameters would certainly not be capable of producing absolute dates as the rate of these changes are largely dependant on variables such as the thermal history of the object, the degree of sub-aerial weathering undergone and the nature of the burial environment. It is well understood that dif erent burial conditions af ect the rate and trajectory of the bone diagenesis . Edwards et al. (2005; 2006) clearly demonstrate that the relationship between age and state of preservation of archaeological ivory from dif erent sites is not straight forward. As a technique for relative dating it would also, therefore, be unlikely to produce meaningful results for ivories with dif erent biographies i.e. fossil ivory compared with sub-fossil ivory or ivory preserved in desiccated environments with those from waterlogged deposits. However, Bannerjee et al. (2008) presented results that appeared to contradict the accepted understanding, of ering the possibility that the weathering state of ivory might, after all, of er an indication of age.
In proposing that the changes detected in ivory by FTIR spectroscopy can be used as a means of relative dating, Banerjee et al. (2008) were only comparing material from one type of burial environment, in this case permafrost conditions. h eir results do show a direct correlation between these changes and the visible degree of weathering (dei ned as A: white and unweathered, B: Yellow and slightly weathered and C: brown and extremely weathered), but they present no evidence that the degree of weathering is directly related to increasing age of the ivory. We therefore set out to test the hypothesis that weathering in ivory is correlated with age, using Raman spectroscopy and ivory samples of broadly similar date from a single site. If Bannerjee et al's conclusions are valid, then our samples, standardised for age and location, should be consistent in terms of weathering parameters.
Selection of analytical technique
FTIR spectroscopy is a relatively destructive technique.
To gain a quality spectrum requires either the preparation of a l at surface on the specimen or for a sample of the specimen to be powdered. In addition, FTIR spectroscopy is very sensitive to water content and specimens ef ectively need to be dehydrated to the same extent to gain good quality spectra for comparison. Sampling of cultural objects is not always curatorially acceptable and even if surface preparation of a discrete area is considered feasible, dehydration of the ivory object would carry a very high risk of catastrophic physical damage. h ese problems led the authors to consider alternative analytical techniques and Raman spectroscopy was selected as a substitute for FTIR spectroscopy for this experimental work.
Raman spectroscopy has a number of advantages over FTIR spectroscopy. It allows the same changes in microstructure and molecular chemistry to be observed in ivory but good quality spectra are gained without the need for dehydration or surface preparation, beyond brushing of obscuring sediments. Raman spectroscopy also allows comparison to be made over a wider range of wavenumbers, and provides a greater potential to identify the chemical species. Whereas FTIR spectroscopy has a logarithmic dependence between absorption intensity and concentration, Raman spectroscopy has a linear dependence between the concentration of the species under investigation and the irradiance. Although there are several important instrumental geometrical and optical factors that need to be considered for precise quantitative studies this means that if the proportion of a constituent is reduced to 50% the intensity is also reduced to 50%, all other factors being equal. h is allows the changes in specii c components in dif erent specimens to be roughly estimated directly from the spectra. 
Selection of ivory specimens for analysis
Six mammoth ivory specimens were selected from a waterlogged Pleistocene site, and two permafrost-preserved specimens as comparanda. All the fragments were dry and had been stored at the same ambient RH. h ree spectra were collected from each of two surfaces of all the ivory specimens.
The two permafrost-preserved specimens ( Figure 1 ) were of -cuts from the modern commercial ivory carving trade. h ey are of unknown date and provenance and were included in this study to allow comparison with the FTIR spectra published by Banerjee et al. (2008) . h e six waterlogged-preserved ivory specimens ( Figure 2) were from Lynford Quarry, near Munford in Norfolk UK, excavated in 2002 by the Norfolk Archaeological Unit (Boismier et al., 2003) .
Amongst the faunal material recovered from Lynford were the remains of at least 11 mammoths associated with Mousterian stone tools. h e mammoths were mostly males and several complete tusks, and 32 plastic sacks of ivory fragments, were recovered. Material from this site was conserved at the University of Bradford, Archaeological Sciences conservation laboratory. A small quantity of the fragmented ivory was retained, untreated, for future research studies: the samples described here were drawn from that material. h e majority of the faunal remains were excavated from the organic rich deposits of a palaeochannel, referred to as Association B (Gamble, in press). h e lowermost and uppermost levels of this channel contained sands and gravels deposited by relatively fast l owing water. Between these were the organic silts and sands, bone and ivory, plant and insect remains, which seem to have accumulated at a time when the channel had become a meander, cut of from the main water l ow. Optically-stimulated luminescence (OSL) dating of these organic sediments places their deposition at the transition between Marine Isotope Stages (MIS) 4 and 3, approximately 65-57 ka (Gamble, in press).
Some of the mammoth remains had been pushed down through the organic deposits into the underlying sands and gravels, possibly due to bioturbation by other mammoths and megafauna. h is had produced substantial variation in the colouration and state of preservation of the bone and (Figure 2 ). Generally the bone in the organic deposits was stained dark brown, was relatively robust and had good surface preservation. h at in the sands and gravel was greatly fragmented and friable and could be rusty red in colour. One tusk in particular, at the interface between these deposits, showed a range of variation in both colour and condition along its length. h e ivory specimens analysed from Lynford were especially selected to represent the full range of preservation in these palaeochannel deposits.
RESULTS
To aid comparison, all the spectra were normalised on the phosphate 961 band cm -1 . h e cut surfaces of the perma frost-preserved ivory provided good quality Raman spectra that captured all the detailed information seen in the FTIR spectra presented by Banergee et al. (2008: Figures 3 and 4) . h e spectrum of permafrost specimen 2 (Figure 3) showed that both the collagen and the bioapatite were well preserved and looked very similar to spectra of modern elephant ivory (Brody et al., 2001) . h e cut surfaces of permafrost specimens 2 and 1 produced very similar spectra but when the spectrum of specimen 2 is compared with the eroded surface of specimen 1, there are many dif erences apparent between them (Figure 4) . Although the bioapatite is similarly preserved in both specimens, the collagen is signii cantly reduced in specimen1and in the wavenumber region around wavenumber 1500 cm -1 , the peaks show a smearing or broadening, indicating an increase in the characteristic degradation products of collagen. Interestingly the best waterlogged-preserved ivory from Lynford, Lynford 2, has produced a very similar spectrum to permafrost 2 suggesting that the diagenetic changes that have occurred are very similar (Figure 4) . Figure 5 is a stacked plot of four of the Lynford specimens (1 to 4) illustrating the range of preservation recorded. In contrast to Lynford 2, the peak at ca. 3000 cm -1 in the spectrum from Lynford 1 is almost entirely lost and those at 1200-1700 cm -1 are very signii cantly reduced in intensity, and have spread. In Lynford 3 and 4 the bioapatite is still identii able but there is little evidence of an organic component and there are very high levels of background emission attributable to absorption of materials from the burial environment. From these spectra alone, it would not be possible to distinguish between the mammoth ivory specimens Lynford 1, 3 and 4.
Both the upper (convex surface) and lower surfaces (concave surface) of Lynford 1 were similar in colour but only the lower surface (Figure 2) showed evidence of contact with the burial sediments. h e spectra obtained from the upper and lower surfaces are very much the same, when considering the inorganic matrix, but the residual organic signal from the lower surface is swamped by contamination from the burial environment ( Figure 6) .
Lynford 2 is a fragment from a larger piece of ivory that has split, following the concentric lamellae of the tusk, as it dried after excavation. h e upper surface of the specimen is stained beige by the burial environment but the lower surface, where the split occurred, is white. When comparing these two surfaces the spectra are very dif erent (Figure 7) . Despite the increased emission from contamination of the upper surface there is dei nitely a reduction in the organic component when compared with the lower surface. 
DISCUSSION
Raman spectroscopy has provided information on the chemical composition of the ivories comparable with that obtained by FTIR spectroscopy. Contamination of surfaces exposed to the burial sediments could have been reduced by sample preparation, as is done for FTIR spectroscopy, but even then it cannot be suggested that the results obtained could have been used in dating with any greater coni dence.
Analysis of the cut surfaces of the two permafrost samples indicated that both are well preserved ivory but as the origins of these of -cuts are not known it cannot be discounted that they are of very dif erent date. h e similarities in the results only indicate that they are probably of the same commercial grade of ivory. However if the assumption that the state of preservation of the ivory and its age are directly linked is valid, the weathered areas of sample 1 would have to be very much older than the ivory exposed on its cut surfaces. Sampling deep within the core of cultural objects, to avoid the more weathered exterior, could be very problematic. h e Lynford ivory provided an opportunity to compare the analytical results of ivories of relatively contemporaneous date, preserved in a waterlogged environment from a single context, but with marked variations in the surrounding sediments. h e wide variability in the preservation of the organic and inorganic components of the ivory clearly show that many factors, other than the time elapsed from the death of the mammoth, contributed to the state of preservation of the ivory. Any assessment of age based on the Lynford samples would conclude that they represent material of a wide range of age, which would, of course, be quite misleading.
CONCLUSION
For the state of preservation of ivory to be useful as an indicator of the age of the ivory the observed diagenetic changes have to have happened in a consistent and predicable manner. h is study coni rms that the preservation of ivory from a single site and even across the surface of a single object may vary too much to allow even an approximate relative chronology to be obtained. Results published previously, that appear to show the contrary, would appear to be the product of small sample numbers and coincidental correlation for which there was no true cause and ef ect relationship. FTIR and Raman spectroscopy can detect and quantify changes that occur in ivory as it weathers but these changes cannot be used as an indication of the relative age of ivories.
